ERK5 MAP kinase is highly expressed in the developing nervous system and has been implicated in promoting the survival of immature neurons in culture. However, its role in the development and function of the mammalian nervous system has not been established in vivo. Here, we report that conditional deletion of the erk5 gene in mouse neural stem cells during development reduces the number of GABAergic interneurons in the main olfactory bulb (OB). Our data suggest that this is due to a decrease in proliferation and an increase in apoptosis in the subventricular zone and rostral migratory stream of ERK5 mutant mice. Interestingly, ERK5 mutant mice have smaller OB and are impaired in odor discrimination between structurally similar odorants. We conclude that ERK5 is a novel signaling pathway regulating developmental OB neurogenesis and olfactory behavior.
Introduction
Humans and other vertebrates detect and distinguish between thousands of different odorants, a function that is important for human nutrition and also critical for the survival of many animal species. Olfactory signals detected by sensory neurons in the main olfactory epithelium are transmitted to the main olfactory bulb (OB) for processing and integration. In the OB, axons from olfactory sensory neurons contact the primary dendrites of glutamatergic mitral and tufted cells, the main excitatory neurons in the OB. Mitral cells, the major source of output from the OB, project axons into the olfactory cortex of the brain (White, 1965; Haberly and Price, 1977; Schwob and Price, 1978) . Odor information received by mitral cells is processed by a complex local inhibitory microcircuit primarily formed by granule cells in the granule cell layer and by periglomerular neurons (Lledo et al., 2004; Adam and Mizrahi, 2010) . The production of these inhibitory interneurons begins embryonically and continues postnatally throughout the life of the animal, with peak production occurring between embryonic day (E) 18.5 to postnatal day (P) 14 (Hinds, 1968; Rosselli-Austin and Altman, 1979; Batista-Brito et al., 2008) . During embryonic development, OB interneurons are generated from the lateral ganglionic eminence and dorsal telencephalon, while postnatally generated OB interneurons are derived from the anterior subventricular zone (SVZ) of the lateral ventricles, migrating along the rostral migratory stream (RMS) to the OB (Luskin, 1998; Wichterle et al., 2001; Yun et al., 2001; Alvarez-Buylla and Garcia-Verdugo, 2002; Stenman et al., 2003) . Several transcription factors are known to regulate the genesis of these interneurons during development including the distal-less (family of proteins, Pax6 and Sp8 (Dellovade et al., 1998; Long et al., 2003; Kohwi et al., 2005; Waclaw et al., 2006; Long et al., 2007; Brill et al., 2008) . However, very little is known about signaling pathways that control OB neurogenesis during development.
ERK5 is a member of the MAP kinase super family that is comprised of ERK1/2, JNK, p38, and ERK5 (Lee et al., 1995; Zhou et al., 1995) . The N-terminal kinase domain of ERK5 is highly homologous to the prototypical ERK1/2 and to a lesser degree, p38 and JNK. However, ERK5 contains a large C terminus not found in other MAP kinases, suggesting unique regulatory properties and functions of ERK5. Indeed, ERK5-null mice are embryonically lethal (Regan et al., 2002; Sohn et al., 2002; Yan et al., 2003) , suggesting that ERK5 has distinct biological functions that cannot be compensated for by ERK1/2 or other MAP kinases. Although ERK1/2 and ERK5 are the principle MAP kinases acti-vated by neurotrophins in neurons, ERK5 is phosphorylated and activated by MEK5, an upstream MAP kinase kinase specific for ERK5 (English et al., 1995; Zhou et al., 1995; Cavanaugh et al., 2001; Wang et al., 2006a) . Furthermore, unlike ERK1/2, ERK5 is not activated by cAMP or calcium signals in neurons (Cavanaugh et al., 2001) .
In cell culture, neurotrophin activation of ERK5 promotes the survival of newborn but not mature neurons (Watson et al., 2001; Liu et al., 2003; Shalizi et al., 2003; Finegan et al., 2009) . Furthermore, ERK5 specifies cultured cortical stem/progenitor cells toward a neuronal lineage during development by phosphorylating and modulating the activity of neurogenin 1, a proneural transcription factor (Liu et al., 2006; Cundiff et al., 2009) . In this study, we investigated the importance of ERK5 for the development of the OB and the ability of mice to distinguish between different odorants. Because germ-line deletion of ERK5 is embryonically lethal at around E9.5 (Regan et al., 2002; Sohn et al., 2002; Yan et al., 2003) , a time point before the neural tube develops, we generated a conditional knock-out mouse strain that allowed us to delete the erk5 gene in neural stem cells during development. Here, we report that ERK5 mutant mice have smaller OB, fewer GABAergic interneurons in the OB, and are unable to discriminate between structurally similar odorants.
Materials and Methods

Animals and tissue preparation
The ERK5 loxP/loxP mouse line was generated by Dr. Cathy Tournier (Wang et al., 2006c) and transferred from Dr. Bradford C. Berk's laboratory. Nestin-Cre mice (Tronche et al., 1999) were purchased from Jackson Laboratories with the strain name B6.Cg(SJL)-TgN(NesCre) and crossed with ERK5 loxP/loxP mice to generate Nestin-Cre/ERK5 loxP/ loxP mice in which erk5 is conditionally deleted in Nestin-expressing neural stem cells (ERK5 cKO). Male Nestin-Cre/ERK5 loxP/ϩ and female ERK5 loxP/loxP mice were mated to generate experimental Nestin-Cre/ ERK5 loxP/loxP animals, while ERK5 loxP/loxP and ERK5 loxP/ϩ littermates were used as controls (ERK5 WT). For studies using embryos, the day of vaginal plug was designated as E0.5. For embryos or P0 (day of birth) and P7 pups, brains were dissected and fixed in 4% paraformaldehyde (PFA) (Fisher Scientific) in 0.1 M pH 7.4 PBS overnight. Animals beyond 14 d of age were anesthetized and perfused transcardially with 4% PFA and then postfixed with 4% PFA overnight. All brains were cryoprotected in a gradient of sucrose to 30% (w/v), frozen in TFM embedding medium (Triangle Biomedical Sciences), and cut sagittally or coronally at 14 m in thickness using a cryostat (Leica, CM1850) and mounted onto Superfrost Plus slides (VWR). Four to six brains were stained and examined for histological or immunohistological analysis for each data point. All experiments were performed in accordance with the University of Washington Institutional Animal Care and Use Committee.
BrdU labeling
Bromodeoxyuridine (5Ј-bromo-2Ј-deoxyuridine; BrdU) (100 mg/kg; Sigma) was dissolved in 0.9% sodium chloride/0.007% NaOH and administered intraperitoneally to P0, P7, and P14 pups (Shingo et al., 2003; Li et al., 2009; van Velthoven et al., 2010) . Animals were killed 2 h postinjection.
Immunohistochemistry
Immunohistochemistry (IHC) was performed per standard protocol. Briefly, after washing with PBS to remove mounting medium, PFAfixed cryosections were treated with 1% SDS for 10 min to permeabilize the sample and blocked with blocking buffer (PBS ϩ 0.1% Triton (PBST) ϩ 5% BSA ϩ 5% normal goat serum or normal donkey serum) for Ͼ2 h at room temperature. Where IHC for BrdU visualization was required, brain sections were washed as before with PBS, and subjected to HCl antigen retrieval method by first rinsing in water for 5 min, in ice-cold 1 N HCl for 10 min, in 2 N HCl for 30 min at 37°C, and finally neutralized by rinsing 3 ϫ 5 min in 0.5 M pH 8.0 borate buffer. Brain sections were then incubated with primary antibodies in blocking buffer for 24 h at 4°C and secondary antibodies conjugated with Alexa Fluor 488 or Alexa Flour 594 (1:500; Invitrogen) for 2 h at room temperature. Nuclei were visualized with 2.5 g/ml Hoechst 33342 (Invitrogen). Sections were washed with PBST after each step. Finally, brain sections were mounted with anti-fade Aqua Poly/Mount (Polysciences). Primary antibodies used were as follows: affinity-purified rabbit anti-ERK5 (1: 200) (Cavanaugh et al., 2001) , rabbit anti-type-3 adenylyl cyclase (AC3; 1:200; Santa Cruz Biotechnology), mouse anti-tyrosine hydroxylase (TH; 1:1000; Sigma), mouse anti-GAD67 (1:2000; Millipore Bioscience Research Reagents), mouse anti-NeuN (1:500; Millipore), mouse anti-Calretinin (1:500; Santa Cruz Biotechnology), mouse anti-Calbindin (1:500; Santa Cruz Biotechnology), mouse anti-Reelin (1:1000; Abcam), goat anti-olfactory marker protein (OMP; 1:2000; WAKO), mouse antiSox2 (1:200; R&D Systems), mouse anti-polysialic acid-neural cell adhesion molecule (PSA-NCAM; 1:200; Developmental Studies Hybridoma Bank), rabbit anti-active caspase3 (1:500; Cell Signaling Technology), and rat anti-BrdU (1:500; AbD Serotec).
TUNEL
Every third parasagittal section or fifth coronal section of each brain was subjected to TUNEL assay by using the DeadEnd fluorometric TUNEL system from Promega per manufacturer's instruction. Total number of TUNEL ϩ cells in the area of anterior SVZ and RMS from parasagittal sections or OB from coronal sections were quantified.
Image capturing and processing
All images were captured with a Zeiss upright fluorescence microscope with numerical aperture (NA) 0.075/2.5ϫ, NA 0.16/5ϫ, NA 0.3/10ϫ, NA 0.5/20ϫ, and NA 0.75/40ϫ air lenses, or NA 1.40/63ϫ oil-immersion lens. Images were uniformly adjusted for color, brightness, and contrast with Adobe Photoshop CS3. ImageJ software was used to quantify immunostaining intensity. Three aligned sections were quantified for anti-GAD67 immunostaining intensity per OB. For each section, four pictures at 20ϫ magnification sampled at the dorsal, medial, lateral, and ventral OB were captured. The regions of granule cell layer and glomerular layer were outlined under Hoechst staining. For quantification of anti-PSA-NCAM immunostaining intensity along the anterior SVZ (SVZa)-RMS-OB path, three aligned parasagittal sections were analyzed per brain. For each section, three pictures at 20ϫ magnification sampled at the SVZa, RMS, and the core of OB were captured. For quantification of anti-Sox2 immuno- 
Stereology
Quantification of immunostained cells
The density of NeuN ϩ cells in both granule cell layer and glomerular layer of OB, the density of Calretinin ϩ cells in granule cell layer of the OB, and the total number of BrdU ϩ cells in the anterior SVZ and RMS were quantified using the Optical Fractionator probe of Stereo Investigator software (MBF Bioscience). Briefly, every fifth serial coronal sec- tion was used for cell counting in the OB, and every third parasagittal section for cell counting in the SVZ and RMS. For each section, the region of interest was outlined under the 5ϫ objective of a Zeiss upright fluorescence microscope, and cell counting was performed under the 40ϫ or 60ϫ objective with the counting frame set at 50 ϫ 50 m 2 . At least 300 cells were sampled for each brain region per animal. Calretinin ϩ , TH ϩ , and Calbindin ϩ cells in the glomerular layer of the OB were counted under the 40ϫ objective and the area of the glomerular layer was measured separately using the Cavalieri Estimator probe of Stereo Investigator software. The density of marker positive cells in each layer was calculated by dividing the total number of cells by the total area of the glomerular layer.
Size measurement of brain regions
Volumetric measurement of the OB and its individual layers or substructures as well as anterior SVZ-RMS and lateral ventricles was conducted using the Cavalieri Estimator probe of Stereo Investigator software. Every fifth serial coronal section stained with cresyl violet was used for OB measurement. Every third serial parasagittal section was used for the measurement of anterior SVZ-RMS at P0, and every fourth or eighth coronal section stained with Hoechst was used for the measurement of lateral ventricles at P0 or P28, respectively.
Electro-olfactogram measurement
Electro-olfactogram (EOG) studies in the main olfactory epithelium were performed as described previously (Wong et al., 2000; Trinh and Storm, 2003) . Briefly, awake mice were killed by cervical dislocation and skulls were cut in half along the midline. The septal cartilage was removed to expose the olfactory turbinates. Olfactory turbinates from both sides were used for recordings. The EOG was recorded with an agar-and saline-filled glass microelectrode in contact with the apical surface of the main olfactory epithelium in the open circuit configuration. Using an automated four-way slider valve, odorants were puffed onto the exposed epithelia for 0.2 s at a flow rate of 3.1 L/min. Traces were captured and digitized using a Digidata 1200A (Molecular Devices). The traces were low-pass filtered at 30 Hz and sampled at 100 Hz. Odorants used in EOG measurements are listed in Table 1 .
Behavior assays
Male mice were used for behavior assays, which generally start when mice are 3 months old and end before they are 6 months old. Mice were individually housed and handled twice a day for 7 d before behavior assays. For all cotton tip-based tests, cotton swabs dipped in mineral oil or odorant solution were hung from the wire top of the animal's home cage with the cotton tips 8 cm above the cage floor. The duration of animals' sniffing to the cotton swabs was recorded. The sniffing was defined as animals' noses approaching to and within 1 cm distance to the swabs. Odorants used in olfaction tests are listed in Table 1 .
Olfactory habituation/dishabituation test
This was performed as described with modifications (Sundberg et al., 1982; Trinh and Storm, 2003) . Briefly, naive animals were pretrained with plain mineral oil-laced cotton swabs for four presentations (60 s each, 2 min intervals) to ensure that subsequent exposure to an odorant-laced cotton swab did not elicit a response due to novelty. The odor habituation/ dishabituation test was then performed by presenting three odorants sequentially, with four presentations for each odorant (60 s each presentation, 2 min intervals). A significant decrease in investigation time during subsequent presentations of the same odorant indicates odor recognition and habituation.
Cotton tip-based olfactory fine discrimination test
After the olfactory habituation test, the same cohort of mice was subjected to the olfactory fine discrimination test. Mice were familiarized with four sequential 60 s presentations of one odor and then introduced to a structurally very similar odorant for 60 s. The interpresentation interval was 2 min as above. If a mouse sniffed this structurally similar but new odorant more than it did in the fourth presentation of the first odorant, the animal was considered capable of olfactory fine discrimination.
Odor preference test for structurally similar odorants
A new cohort of male mice was presented with two cotton tips laced with pairs of structurally similar odorant solution for 3 min. Duration of sniffing toward each cotton tip was recorded.
Sand digging-based olfactory discrimination test
Following the odor preference test for structurally similar odorants, the same cohort was subjected to the sand digging-based olfactory discrimination assay, modified from (Mihalick et al., 2000; Wesson et al., 2008) . Before and during the training, mice were subjected to food restriction to maintain body weights at their 85-90% of free-feed level.
An apparatus (see Figure 11 A), was constructed and used to present food and sand. The lids of two 96-well culture dishes (130 ϫ 80 mm) were glued together to form the platform base and handle. The lid of a 35 mm culture dish was mounted upside down on each side of the base platform separated by a plastic divider (55 mm depth ϫ 50 mm height), which prevents animals from making simultaneous contact with both dishes. Clean cul- Figure 4 . ERK5 deletion reduces the number of GABAergic interneurons in the OB. Coronal sections of the OB from P28 ERK5 WT and cKO mice were analyzed. A-C, ERK5 deletion does not change the cell density of mitral cells, identified by anti-Reelin immunostaining. Hoechst staining (blue) was used to identify all nuclei and overall structure. D-F, ERK5 deletion significantly reduces immunoreactivity for GAD67, a marker for GABAergic neurons, in the granule cell layer (GCL). G-I, ERK5 deletion does not alter the cell density of Calretinin ϩ (CR ϩ ) cells in GCL. J-L, ERK5 deletion also reduces immunoreactivity for GAD67 in the glomerular layer (GL). M-O, ERK5 cKO mice have fewer TH ϩ dopaminergic neurons, a subpopulation of interneurons in the GL. P-U, ERK5 deletion does not affect the two interneuron subpopulations in the GL that express calcium binding proteins, Calbindin (CB; P-R) or Calretinin (CR; S--U ). Scale bar: (in A) A-U, 100 m. ONL, Olfactory nerve layer. n.s., not significant; *p Ͻ 0.05; **p Ͻ 0.01. ture dishes (35 mm), either empty or filled with sand to the top and baited with food reward, were placed on top of the mounted lids on either side. A new dish was used for each mouse and each odorant. The apparatus was cleaned between animals by washing with water, wiping with 95% ethanol to remove any trace odorant, and sprayed with 70% ethanol.
Training was performed in each mouse's home cage. The plastic top, wire top, and water bottle were removed and a piece of 20 ϫ 32 cm Plexiglas was used to cover the cage. To begin each trial, the Plexiglas cover was first removed, and a cardboard barrier (replaced with a new one between animals and different odorants) was placed inside of the cage to confine the mouse to one end of the cage. This cardboard barrier blocks the view of the mouse while the apparatus with food and sand was lowered into the other end of the cage. The barrier was then quickly removed and the Plexiglas cover repositioned.
Pretraining. The pretraining session consisted of 3 consecutive days during which only one of the two dishes was filled with sand and baited with food reward. On day 1, the food reward was placed on top of the sand and animals were trained for four trials per block (1 min intertrial interval) for two blocks with 4 h interblock interval, totaling eight trials. The latency of food retrieval in each trial was recorded. If the food was not retrieved within 10 min, the apparatus was removed and the latency was recorded as 600 s. By the end of eight trials on day 1, all animals retrieved the food within 30 s. On day 2, animals were trained for two trials (1 min intertrial interval) with the reward partially buried in the sand followed by another two trials with the reward completely buried but just underneath the surface of the sand. Animals were allowed to explore for a maximum of 10 min to retrieve the food reward, but latency was not recorded. On day 3, animals were trained for four trials per block for two blocks with the reward placed at the bottom of the dish and completely buried in sand. The latency of retrieval on each trial was recorded as on day 1.
Olfactory discrimination acquisition. The day after completion of pretraining, animals were subjected to the olfactory discrimination acquisition session for four trials per block, two blocks per day as in pretraining, and for 7 consecutive days. Both dishes were filled with sand and presented on each trial; one containing sand scented with 100 l of 10 mM isoamyl acetate (IAA) and a piece of food reward placed at the bottom of the dish, while the other dish was scented with 10 mM citralva with no food reward. The two dishes were placed on either the left or right side randomly as long as each dish was placed on each side twice per block, but no more than three consecutive times in each day. After the apparatus with sand and food was placed in the cage in each trial, if the animal's first response was to dig the IAA-scented dish, the animal was allowed to dig until it retrieved the food and the trial was recorded as correct. If the animal's first response was to dig the citralva-scented dish, the animal was still allowed to dig until it left this side. Then the apparatus was raised up and removed quickly before the animal accessed the IAA-scented dish, and the trial was recorded as incorrect.
Olfactory discrimination between structurally similar odorants. Animals were subjected to this test the day after the completion of olfactory discrimination acquisition. Mice were trained four trials per block, two blocks per day as in olfactory discrimination acquisition, for 5 consecutive days to discriminate between a pair of structurally similar odorants, 100 mM limonene (ϩ) and limonene (Ϫ), followed by another 6 d to discriminate between 100 mM butanol and pentanol. Food reward was placed at the bottom of the dish under sand scented with limonene (Ϫ) or pentanol, respectively.
Statistical analysis
All data were expressed as mean Ϯ SEM. Pairwise comparison of the means was analyzed by Student's t test, two-tailed analysis. One-way ANOVA was used to analyze in vivo data comparing across the control groups and the experimental group. n.s., not significant; *p Ͻ 0.05; **p Ͻ 0.01.
Results
Conditional deletion of ERK5 in neural stem cells results in smaller OB
We previously reported that ERK5 expression in the brain is developmentally regulated. It is high during early embryonic development and gradually declines as the brain matures (Watson et al., 2001; Liu et al., 2003; Shalizi et al., 2003; Finegan et al., 2009) . To better characterize the ERK5 expression profile during the period of OB development, we examined ERK5 protein expression in the lateral ganglionic eminence of embryonic brains or the SVZ of postnatal and mature brains, which were sites where OB interneurons are generated. High levels of ERK5 protein were found uniformly in all regions examined in the embryonic brains, however, ERK5 expression decreased significantly during postnatal brain development (Fig. 1 A-E,AЈ-EЈ) . At P28 and 6 months postnatally, ERK5 expression was detected in the SVZ (Fig. 1 D, E ,DЈ,EЈ) and in the core of the granule cell layer of the OB (Fig. 1 F, G,FЈ, GЈ) , sites of ongoing adult neurogenesis along the SVZ-OB pathway.
To investigate if ERK5 signaling plays an essential role in the development of the nervous system in vivo, we generated ERK5 conditional knock-out (cKO) mice in which the erk5 gene was deleted in Nestin-expressing neural stem/progenitor cells during development. This was achieved by crossing the Nestin-Cre mouse (Tronche et al., 1999) with an erk5 floxed allele mouse (Wang et al., 2006c) to yield the Nestin-Cre/ERK5 loxP/loxP mouse (ERK5 cKO). The Cre recombinase activity is present in the nervous system by E11.5 (assuming plug day as E0.5) in this line of Nestin-Cre driver mouse and is primarily expressed in cells expressing Nestin, a marker for neural stem cells (Tronche et al., 1999) . Therefore, this approach confines erk5 gene deletion to neural stem cells and their progenies in the nervous system during embryonic development and in adulthood. Male Nestin-Cre/ ERK5 loxP/ϩ and female ERK5 loxP/loxP mice were mated to generate ERK5 cKO (Nestin-Cre/ERK5 loxP/loxP ) and wild-type (WT) control littermates (ERK5 loxP/loxP and ERK5 loxP/ϩ ) for experiments. We observed efficient reduction of ERK5 protein expression in virtually all brain regions of the ERK5 mutant mouse during development, including the lateral ganglionic eminence in embryonic brains, and the SVZ and OB of postnatal and mature brains (Fig. 1 H-N,HЈ-NЈ) . The ERK5 cKO mutants were otherwise viable and appeared normal.
The overall structure of the brains of ERK5 cKO mutants was normal at P28 (data not shown), a time point when mouse brain development is complete. However, the size of the OB was noticeably smaller at this time (Fig. 2 A) . The relative OB volume, measured using an unbiased stereological quantification technique, was 22% smaller in ERK5 cKO mice compared with their littermate controls (Fig. 2 B) . ERK5 heterozygous littermates (Nestin-Cre/ERK5 loxP/ϩ ), which also carry the Nestin-Cre trans- gene, did not have a smaller OB. The small OB phenotype of ERK5 cKO mice was retained at the age of 6 months old (Fig. 2 D) . The OB has a six-layered structure (Wachowiak and Shipley, 2006; Whitman and Greer, 2009 ). Targeted deletion of ERK5 did not affect the general organization of the layers, the development of lamina, or the total number of glomeruli (Fig. 2 A; data not shown). To determine whether the size of all six layers was affected uniformly, the volume of each layer was measured using the Stereo Investigator software. The granule cell layer, the innermost layer where Ͼ90% of OB neurons reside, was most affected by conditional ERK5 deletion (Fig. 2C) . The fact that the olfactory nerve layer, composed primarily of afferent fibers from the main olfactory epithelium, was not affected suggests that targeted ERK5 deletion may impair OB development by attenuating OB neurogenesis.
ERK5 deletion reduces the number of GABAergic interneurons in the OB
To determine whether the reduction in OB size was the result of a reduced number of neurons generated, an antibody against NeuN, which is ubiquitously expressed in the nuclei of most mature neurons, was used to label the OB at P28. Indeed, the density of NeuN ϩ cells in the granule cell layer and glomerular layer was reduced by 21 and 26% in ERK5 cKO mice, respectively (Fig. 3) .
We also examined the subtypes of neurons that were affected in the OB of ERK5 cKO mice. ERK5 deletion did not change the cell density of mitral cells, identified by an anti-reelin antibody (Fig. 4 A-C) . Granule cells, the inhibitory interneurons in the granule cell layer of the OB, are all GABAergic (Mugnaini et al., Brito et al., 2008) . The largest subpopulation of periglomerular neurons is GABAergic; a significant portion of which coexpress nonoverlapping molecular markers including TH, a marker for dopaminergic neurons, or calcium binding proteins Calretinin or Calbindin (Mugnaini et al., 1984a; Panzanelli et al., 2007; Parrish-Aungst et al., 2007 Brito et al., 2008) . Immunoreactivity for GAD67, a marker for GABAergic neurons, was reduced 31% or 34% in the granule cell layer (Fig. 4 D-F ) and glomerular layer (Fig. 4 J-L) of ERK5 cKO mice, respectively. ERK5 deletion also reduced the density of TH ϩ dopaminergic neurons (Fig. 4 M-O) . However, the numbers of Calbindin ϩ cells in the glomerular layer and Calretinin ϩ cells in both granule cell layer and glomerular layer were not affected ( Fig. 4G-I ,P-U ). These data suggest a critical role for ERK5 in the generation of GABAergic interneurons and TH ϩ interneurons in the development of the OB.
ERK5 deletion impairs OB neurogenesis by attenuating progenitor proliferation and increasing apoptosis
To gain insight into the mechanisms whereby ERK5 regulates OB neurogenesis, we determined whether ERK5 deletion affects cell proliferation and migration in the anterior SVZ and RMS and on apoptosis in the SVZ and OB. Proliferation was assessed by a 2 h BrdU treatment to label cells in the S phase of the cell cycle. ERK5 deletion significantly reduced the number of proliferating BrdU ϩ cells at P0 and P7 (Fig. 5A-E) . However, by P14, the time point marking the end of a phase of rapid OB interneuron production, ERK5 deletion did not affect BrdU incorporation. Concomitantly, P0 ERK5 cKO brains have reduced volumes of anterior SVZ-RMS and enlarged lateral ventricles at P0 although the differences became insignificant thereafter (Fig. 5F-I ). This is consistent with the report that the rate of progenitor cell proliferation correlates with the size of the SVZ and RMS during development (Li et al., 2009 ). ERK5 deletion did not affect the stem cell pool in the SVZ at P28, determined by IHC for GFAP (data not shown) and Sox2 (Fig. 6 ).
In the postnatal forebrain, the proliferating neural precursors in the anterior SVZ migrate tangentially along the RMS to the core of the OB where they migrate to the granule cell layer and glomerular layer and differentiate into mature interneurons. Defects in neuroblast chain migration result in small, hypocellular, and disorganized OB exemplified in transgenic mouse models in which NCAM or Girdin have been deleted (Cremer et al., 1994; Gheusi et al., 2000; Wang et al., 2011) . We therefore investigated if ERK5 deletion interferes with tangential migration in the RMS, thus contributing to the reduced number of neurons in the OB of ERK5 cKO mice. We examined immunoreactivity for PSA-NCAM, a marker for migrating neuroblasts, on three locations along the entire tangential migration pathway of P14 brains: the anterior SVZ, the middle of the RMS, and the core of OB where tangential migration ends. The pattern of PSA-NCAM immunostaining and the relative orientation of PSA-NCAM ϩ cells were very similar between WT and ERK5 cKO mice at all three locations examined (Fig. 7A ). There was also no significant difference in the PSA-NCAM staining intensity between the two mouse strains (Fig. 7B) , suggesting that ERK5 signaling is not essential for neuronal migration from RMS to the OB.
In addition to proliferation and migration, apoptosis also plays a critical role in neurogenesis and ERK5 has been implicated in promoting neuronal survival and inhibiting apoptosis in cultures (Watson et al., 2001; Liu et al., 2003; Shalizi et al., 2003; Finegan et al., 2009) . We used TUNEL to identify apoptotic cells. Strikingly, ERK5 deletion caused a 65 and 45% increase in apoptosis in the anterior SVZ and RMS of P0 and P7 mouse brains, respectively (Fig. 8 A, B) . This finding was confirmed by increased immunoreactivity for active caspase3, another apoptosis marker (Fig. 8C,D) . Furthermore, ERK5 deletion increased apoptosis by 61% in the granule cell layer and 75% in the glomerular layer of the OB, respectively (Fig.  8 E, F ) . Together, these data suggest that ERK5 is required for the survival of progenitor cells in the SVZ-RMS during the peak production of olfactory interneurons between P0 and P7 and of postmitotic neurons in the granule cell layer and glomerular layer of the OB.
ERK5 deletion does not affect the development of the main olfactory epithelium or innervation of the OB
We investigated the structure and function of the main olfactory epithelium of ERK5 cKO mice and their littermate controls. ERK5 deletion did not alter the thickness of the main olfactory epithelium examined by Nissl staining (Fig. 9A) . It also did not affect the expression of AC3 in the olfactory cilia (Fig. 9B) , a key signaling molecule for olfaction in the main olfactory epithelium and a marker protein for olfactory cilia (Wong et al., 2000) .
To test if the main olfactory epithelium of ERK5 cKO mice is functionally normal, we measured EOG responses to odorevoked field potentials of the main olfactory epithelium tissue. We found no differences between ERK5 cKO mice and WT littermates in EOG responses to several structurally distinct odorants including citralva, IAA, limonene (Ϫ), and ethyl vanillin (Fig. 9C,D) . This indicates that ERK5 cKO mice do not have defects in proximal olfactory signaling in the main olfactory epithelium.
We also examined the innervation of the OB by olfactory sensory neurons, determined by immunostaining using an antibody against OMP. OMP is specifically expressed in the soma and axons of mature olfactory sensory neurons which project to the OB, but it is not expressed in other cell types in the OB (Hartman and Margolis, 1975; Lèvai and Strotmann, 2003) . Anti-OMP staining, generally found in the olfactory nerve layer and in the glomeruli of the OB, is often used to evaluate olfactory sensory neuron innervation of the OB (Kim and Greer, 2000) . OMP staining of ERK5 cKO mutants and WT controls at P28 were very similar in the olfactory nerve layer and in the glomeruli (Fig.  9 E, F ) . Likewise, the OMP staining pattern in the OB of P0 mutant mice was much like that of their littermate controls (Fig.  9G,H ) , and similar developing glomerulus-like structures can be observed (Fig. 9 I, J ) , indicating that the development of glomeruli and establishment of innervation of the OB were not affected by erk5 gene deletion.
ERK5 cKO mice are unable to discriminate between structurally similar odorants It was important to determine whether reduced OB neurogenesis causes defects in the animal's ability to detect odorants or to distinguish between structurally similar odorants. ERK5 cKO and WT littermates were subjected to the odorant habituation assay to monitor their ability to sense odorants (Trinh and Storm, 2003; Wang et al., 2006b) . In this test, the mouse was first habituated to the presence of a cotton swab soaked in mineral oil in its cage. The time that the mouse sniffed or explored the cotton swab was recorded during four successive trials. This pretraining ensured that sniffing of subsequent odor presentations was not a response to the novel object. Then, we introduced an odor-laced Figure 9 . ERK5 deletion does not affect the development of the main olfactory epithelium (MOE), the EOG response of the MOE to odorants, or the innervation of the OB. A, ERK5 deletion does not change the thickness of the MOE, measured after Nissl staining. B, ERK5 deletion does not alter the immunoreactive profile of AC3 in the cilia layer of the MOE. Scale bar, 50 m. C, Odorant-stimulated EOG responses were similar in the MOE prepared from ERK5 WT and cKO mice. The MOE tissue was air-puffed with H 2 O, citralva (1 mM), ethyl vanillin (100 M), limonene (Ϫ) (10 mM), and IAA (1 mM). The membrane potential was recorded by EOG. Arrows point to the start of odorant administration. D, Summary of the mean EOG amplitudes in response to odorants. Citra, citralva; Vani, ethyl vanillin; Lim, limonene (Ϫ); IAA, isoamyl acetate. E, F, ERK5 deletion does not change the immunostaining pattern or intensity for olfactory marker protein (OMP) in the OB of P28 mice. OMP is a marker of mature olfactory sensory neurons that project to the olfactory nerve layer (ONL) and glomerular layer (GL). Scale bar: (in E) E, F, 200 m. G, H, Representative images of OMP immunostaining of the OB from P0 pups. The pattern of innervation of the OB by olfactory sensory neurons is similar between ERK5 WT and cKO pups at P0. Scale bar: (in G) G, H, 400 m. I, J, High-magnification images of the boxed areas in G and H, respectively, showing the development of glomerulus-like structures (arrows) in the OB from both ERK5 WT and cKO pups. Scale bar: (in I ) I, J, 100 m. n.s., Not significant.
cotton swab and the duration of sniffing was recorded (Fig. 10 A) . A high duration of sniffing upon this initial exposure indicates that the animal detected the novel odorant. Sniffing declined in subsequent trials because the odorant was no longer novel. This test was repeated with three structurally different odorants: octanol, benzaldehyde, and ethyl vanillin. ERK5 cKO mice detected these odorants as well as their WT littermate controls. Animals were then tested for their ability to discriminate between structurally similar odorants. Two pairs of odorants were used as described previously (Moreno et al., 2009) , limonene (ϩ) versus limonene (Ϫ), which are enantiomers, and butanol versus pentanol, alcohols with one carbon difference. For each pair of odorants examined using the cotton tip presentation-based test, the test consisted of four habituation trials with limonene (ϩ) followed by one presentation of limonene (Ϫ) (Fig. 10 B) , or four habituation trials with butanol before one presentation of pentanol (Fig. 10C) . A significant increase in sniffing duration toward the second odor compared with the fourth presentation of the first odor was a measure of the animal's ability to distinguish between the two similar odorants. ERK5 cKO mice behaved similarly as the WT littermate controls during the four habituation trials of each pair of the odorants, indicating that they can detect the odorants. However, only WT control mice, but not ERK5 cKO mice, were able to distinguish between structurally similar odorants and showed significantly greater interest in the second odorant after repeated presentation of the first odorant.
One might argue that ERK5 cKO and WT mice have differing levels of attraction toward the second odor, thereby confounding the measure of discrimination between the two structurally similar odorants. To rule out this possibility, each pair of odorants was presented to a new cohort of mice simultaneously, and the duration of sniffing to each odorant was recorded. ERK5 WT and cKO mice showed similar levels of sniffing toward each pair of odorants (Fig. 10 D) , indicating that they do not have any preferences between (ϩ) versus (Ϫ) limonene or butanol versus pentanol.
The ability to discriminate between structurally similar odorants was also examined using a second, sand digging-based assay in which animals were trained to use the odor cue to find a food reward that was placed at the bottom of the dish and completely buried in sand (Fig. 11 A) . We first pretrained WT and ERK5 cKO mice with food on top of or buried in unscented sand. Both genotypes acquired the food retrieval skill equally well (Fig. 11 B) .
When the sand was scented with IAA or citralva, two structurally unrelated odors, WT animals were able to discriminate the odors quite well and all learned to retrieve the food reward buried under IAA-scented sand by day 6 (97.5% correct choice) (Fig. 11C) . ERK5 cKO mice performed slightly poorer than WT mice and made 85% correct choice rate by day 7. When mice were trained to discriminate between the two pairs of structurally similar odorants in this assay, WT mice made ϳ90% correct choices by Figure 10 . ERK5 cKO mice are deficient in the discrimination of structurally similar odors under a cotton tip presentation-based task. A, ERK5 cKO mice are normal in the standard habituation/dishabituation olfaction test. Naive, adult mice were pretrained with four presentations of mineral oil-soaked cotton swabs, then exposed to three structurally different odorants-octanol, benzaldehyde, and ethyl vanillin-with 4 trials per odorant. Both WT and ERK5 cKO mice were able to detect and discriminate between the distinct odorants. B, ERK5 cKO mice cannot distinguish between the structurally similar limonene (ϩ) and limonene (Ϫ). Animals were exposed to four presentations of limonene (ϩ) followed by one presentation to limonene (Ϫ). WT, but not ERK5 cKO mice, sniffed limonene (Ϫ) significantly more than the fourth presentation of limonene (ϩ), suggesting their ability to discriminate between the two similar odorants. C, Similarly, unlike their WT littermates, ERK5 cKO mice cannot discriminate between butanol and pentanol. D, Neither ERK5 WT nor cKO mice show any preference toward a particular odorant between each pair of the structurally similar ones. Animals were presented simultaneously with two cotton tips laced with a pair of the structurally similar odorants, limonene (ϩ) versus (Ϫ), or butanol versus pentanol. Lim, limonene; Buta, butanol; Penta, pentanol. n Ն 10 for WT and n ϭ 9 for cKO. n.s., Not significant; **p Ͻ 0.01.
day 5 between limonene (ϩ) versus (Ϫ) (Fig. 11 D) or butanol versus pentanol (Fig. 11 E) . However, ERK5 cKO mice only made 60 -65% correct choices, only 10 -15% above the 50% chance level, toward either pair of the odorants. Finally, both ERK5 WT and cKO mice made 50% correct choice on day 1 for both pairs of the odorants in the sand digging-based assay, confirming the notion that ERK5 cKO mice do not exhibit apparent preference for a specific odorant. Together, these behavior data strongly suggest that ERK5 cKO mice are deficient in discrimination between structurally similar odorants, and the differences between WT and ERK5 cKO mice are unlikely the result of different levels of attraction toward these structurally similar odorants.
Discussion
Despite the high levels of expression of ERK5 in both CNS and PNS during development, its role in the development of the mammalian nervous system has not been established. Indeed, several reports claim that ERK5 may be dispensable for development of the nervous system (Hayashi and Lee, 2004; Newbern et al., 2011) . However, Hayashi and Lee (2004) presented no experimental data supporting this conclusion and Newbern et al. (2011) did not report the effect of ERK5 deletion on the OB. Therefore, the goal of this study was to determine whether ERK5 MAP kinase plays an essential role in the development of the OB in vivo. In this study, we generated a conditional ERK5 KO strain in which the erk5 gene was deleted in Nestin-expressing neural stem/progenitor cells. We discovered that ERK5 mutant mice have a smaller OB containing 31-34% fewer GABAergic interneurons. This reduction of GABAergic neurons is due to decreased proliferation coupled to increased apoptosis along the SVZ-RMS-OB pathway. Although ERK5 mutant mice were able to detect discrete odorants, they were unable to distinguish between structurally similar odorants. These data demonstrate an indispensable role for ERK5 in the development and function of the OB.
ERK5 deletion had no effect on mitral cell production, suggesting that neurogenesis of mitral cells is not regulated by ERK5 signaling. Alternatively, there may have been residual ERK5 protein present in stem cells of ERK5 cKO mice between E11 and E13.5, a period of time when mitral cells are normally produced (Hinds, 1968; Blanchart et al., 2006) because the Nestin-driven Cre expression begins at E11.5 in the Cre driver mice. However, ERK5 deletion decreased the number of GABAergic neurons in the granule cell layer and glomerular layer. It is interesting that, among the different subtypes of interneurons in the glomerular layer, ERK5 deletion impaired the genesis of TH ϩ but not Calretinin ϩ or Calbindin ϩ interneurons. Since Calretinin ϩ or Calbindin ϩ interneurons are generated after TH ϩ neurons during development (Batista-Brito et al., 2008) , it is unlikely that the lack of effect of ERK5 deletion on their production is because there was still enough residual ERK5 protein expressed. Our data suggest that ERK5 may be important for developmental neurogenesis of GABAergic and TH ϩ interneurons in the OB, but not for Calretinin ϩ or Calbindin ϩ interneurons. ERK5 deletion did not seem to affect tangential migration of neuroblasts along the RMS. However, there was a significant reduction of cell proliferation in the anterior SVZ and RMS at P0 and P7, but not P14. It is possible that compensatory mechanisms have overcome ERK5 defects by P14 or that the intrinsic properties of neural stem/progenitor cells have changed at P14 and no longer require ERK5 for proliferation. Regardless, our data suggest that ERK5 controls OB interneuron generation at least partially by regulating progenitor cell proliferation during the peak of interneuron production in the developing OB.
ERK5 has been implicated in cellular proliferation in cell lines and in the transformation of cancer cells (Kato et al., 1998; Pearson et al., 2001; Watson et al., 2001; Liu et al., 2003; Shalizi et al., 2003) . Hyperactivity of the ERK5 pathway is associated with highly aggressive forms of breast and prostate cancers The animal was confined to one end of his home cage by a barrier while the apparatus was lowered to the other end of the cage to deliver the sand-filled dishes and food. The barrier was then removed to allow the animal to investigate the sand dishes and retrieve the food. B, Both ERK5 cKO mice and WT littermate controls learned to retrieve the food reward that is placed on top of the sand or deeply buried in the sand during pretraining sessions. C, Mice were trained to associate an odor cue with the food reward and discriminate two structurally unrelated odors, IAA and citralva. The food reward was buried deeply under the sand scented with IAA. D, ERK5 cKO mice are deficient in distinguishing between the structurally similar limonene (ϩ) versus limonene (Ϫ). The food reward was buried deeply under the sand scented with limonene (Ϫ). E, Unlike their WT littermates, ERK5 cKO mice cannot discriminate between butanol and pentanol. The food reward was buried deeply under the sand scented with pentanol. n ϭ 10 and 9 for WT and cKO, respectively. *p ϭ 0.05; **p ϭ 0.01.
we present evidence for ERK5 regulation of proliferation of normal cells in vivo, and more specifically, of progenitor cells in the SVZ-RMS during development.
Although studies using primary cultured neurons have suggested a critical role for ERK5 in neurotrophin-induced survival of immature cortical, cerebellar, DRG, and SCG neurons (Watson et al., 2001; Liu et al., 2003; Shalizi et al., 2003; Finegan et al., 2009) , whether it plays a role in promoting cell survival in the nervous system in vivo is still an open question. Germ-line deletion of ERK5 causes lethality at ϳE9.5-10.5 because of cardiovascular defects (Regan et al., 2002; Sohn et al., 2002; Yan et al., 2003) . Although high levels of apoptosis (TUNEL ϩ cells) were observed in the heads of these animals, there was no evidence that apoptosis occurred in neurons or neural progenitors. In fact, increased apoptosis in the heads of ERK5-null mice was attributed to apoptosis in the cephalic mesenchyme tissue (Yan et al., 2003) . In addition, when ERK5 was conditionally deleted in pluripotent neural crest cells, it had no effect on the survival of DRG neurons (Newbern et al., 2011) . Interestingly, there is an increase in apoptosis in the SVZ-RMS and the OB of ERK5 cKO mice. Thus, in addition to proliferation, ERK5 also regulates OB neurogenesis by promoting the survival of both precursor cells in the SVZ-RMS pathway and postmitotic neurons in the granule cell layer and glomerular layer of the OB during development. These data provide in vivo evidence for a pivotal role for ERK5 in the survival of neural precursor cells and postmitotic neurons.
The major effect of ERK5 disruption was a significant decrease in GABAergic interneurons in the OB. There are ϳ100 times more local GABAergic interneurons in the OB than excitatory projection neurons, suggesting that inhibitory neurons play essential roles in the processing of olfactory information. Electrophysiology studies have established that GABAergic synapses mediate negative feedback and lateral inhibition by precisely synchronizing the firing of specific subsets of projection neurons. It is thought that this lateral inhibition and synchronization are necessary for odor discrimination at the behavior level (Shepherd et al., 2007; Lledo et al., 2008; Linster and Cleland, 2009 ). Interestingly, enhanced synaptic inhibition accelerates odor discrimination in mice (Abraham et al., 2010) . Nevertheless, it had not been clearly established that attenuation of interneuron production, either during development or in the adult, impairs behavioral discrimination between odors. Thus, it was still unclear if these inhibitory neurons are required for behavioral odor discrimination. For example, deficits in fine olfactory discrimination correlate with aging and aging-associated reduction of adult neurogenesis (Enwere et al., 2004) . However, specific genetic ablation of adult-born interneurons had no effect on odor discrimination even when a significant reduction of adult-born interneurons was observed (Imayoshi et al., 2008; BretonProvencher et al., 2009) . NCAM-deficient mice have a smaller OB, reduced number of granule cells in the OB, and are deficient in odor discrimination (Cremer et al., 1994; Gheusi et al., 2000) . However, NCAM is expressed in derivatives of all three germ layers during development and not limited to the nervous system (Reyes et al., 1991; Lyons et al., 1992) . Since NCAM was deleted globally in the study by Gheusi et al. (2000) , it is difficult to ascertain if the deficit in odor discrimination was due to impaired interneuron production in the OB. In fact, these NCAMdeficient mice have smaller brains, and the mitral cells in mutant mice are arranged in multiple rows, compared with a single row in the normal animal (Tomasiewicz et al., 1993; Cremer et al., 1994) . Furthermore, NCAM is expressed in olfactory sensory neurons and found in the olfactory nerve layer of the OB in both mice and human (Rioux et al., 2005; Miller et al., 2010) . However, the functionality of olfactory sensory neurons and their innervation to the OB were not examined.
Here we present evidence that ERK5 cKO mice, which have 31-34% fewer GABAergic interneurons, retain their ability to detect odors. However, they are unable to discriminate between structurally similar odorants. Although ERK5 cKO mice cannot distinguish between limonene (ϩ) and limonene (Ϫ) in both the cotton tip-and sand digging-based behavior assays, the EOG response to limonene (Ϫ) was similar between ERK5 WT and cKO. These data suggest that the behavior deficits of ERK5 cKO mice in discriminating between structurally similar odorants are likely due to changes in the OB, rather than a detection deficiency in the main olfactory epithelium. Collectively, these results suggest a critical role for ERK5 in olfactory behavior, and provide behavioral evidence supporting the hypothesis that inhibitory interneurons are necessary for odor discrimination.
In summary, we have discovered that ERK5 regulates the neurogenesis of interneurons during the development of the OB and is critical for discrimination between structurally similar odorants.
